Oligosaccharide components of glycoproteins and glycosphingolipids are information rich molecules that guide many biological processes. Our purpose is to develop an efficient synthetic method to obtain oligosaccharide units in sufficient amounts to study functions of oligosaccharide units. Many exoglycosidases have been shown to be useful as potential tools for the oligosaccharide synthesis. In contrast, a limited number of reports are available on the transglycosylation activities of endoglycosidases. We searched the endo glycosidase of microorganism origin showing transglycosylation activity so that it transfers the entire lactose and N acetyllactosamine from p nitrophenyl lactoside (Lac pNP) and p nitrophenyl N acetyllactosaminide (LacNAc pNP) as substrates, respectively. If such an enzyme was found, it might make it possible to catalyze direct transfer of lactosyl or N acetyllactosaminyl units to some acceptor molecules. No study has been reported regarding transglycosylation of lactose and N acetyllactosamine units at the same time. Our interest was directed to an enzymatic approach involved in lactosyl and N acetyllactosaminyl units glycosidically linked to aliphatic groups as mimic units of glycosphingolipids. Such synthetic lipids would be utilized as glycomaterials in the following ways: 1) primers for the elongation of sugar chains inside living cells, 2) biological activities of themselves on the surface of cells, 3) acceptors for glycosidase and glycosyltransferases acting on glycosphingolipids, 4) antigens to produce monoclonal antibodies to sugar moieties, 5) new kind of detergents, etc.
In contrast, a limited number of reports are available on the transglycosylation activities of endoglycosidases. 4 6) We searched the endo glycosidase of microorganism origin showing transglycosylation activity so that it transfers the entire lactose and N acetyllactosamine from p nitrophenyl lactoside (Lac pNP) and p nitrophenyl N acetyllactosaminide (LacNAc pNP) as substrates, respectively. If such an enzyme was found, it might make it possible to catalyze direct transfer of lactosyl or N acetyllactosaminyl units to some acceptor molecules. No study has been reported regarding transglycosylation of lactose and N acetyllactosamine units at the same time. Our interest was directed to an enzymatic approach involved in lactosyl and N acetyllactosaminyl units glycosidically linked to aliphatic groups as mimic units of glycosphingolipids. Such synthetic lipids would be utilized as glycomaterials in the following ways: 1) primers for the elongation of sugar chains inside living cells, 2) biological activities of themselves on the surface of cells, 3) acceptors for glycosidase and glycosyltransferases acting on glycosphingolipids, 4) antigens to produce monoclonal antibodies to sugar moieties, 5) new kind of detergents, etc.
In this paper, we describe transglycosylation of lactose and N acetyllactosamine units from Lac pNP and LacNAc pNP to various acceptors, and condensation reaction of lactose or N acetyllactosamine with various alkanols and glycerol by use of the commercially available crude enzyme preparation from Trichoderma reesei. Furthermore, the enzyme was purified in order to clarify the nature of both the condensation and hydrolytic activities.
Synthesis of lactosyl -glycoside through a transglycosylation of cellulase.
7)
Transglycosylation assay from Lac pNP as a donor to various 1 alkanols (ethanol, butanol, hexanol and octanol) as acceptors was performed and analyzed on TLC, utilizing crude enzyme preparation from T. reesei (Fig. 1) . Each lane on TLC generated a new spot corresponding to transglycosylation product, which was calculated from the Takeomi Murata 2 and Taichi Usui intensity of the spot scanned by an image analyzer. When ethanol was used as an acceptor, the transfer product ethyl lactoside was observed in 17% yield, based on the donor added. However, the yield decreased with increasing the alkyl chain of alkanol acceptors from C2 to C8 ( Fig. 1  and 2b ). With an octanol acceptor, octyl lactoside was observed in a low yield (1% ). This problem was partially solved by using sodium cholate as a detergent. When octanol was incubated with the detergent, the yield was remarkably improved to 13% (Fig. 2b) . The addition of sodium cholate to the reaction system not only guaranteed solubility of the substrate, but also resulted in a remarkable increase in the yield. Of the detergents examined thus far, the best detergent was sodium cholate as shown in Fig. 2a . This was also the case for the formation of dodecyl lactoside with a dodecanol acceptor.
On the basis of the analytical data mentioned above, ethyl lactoside (1) was firstly synthesized on a preparative scale from Lac pNP and ethanol by transglycosylation. The molar ratio of the donor and the acceptor was 1: 800, and the total substrate concentration was about 20% (w v). The product (1) was easily separated by chromatography on a column of Silicagel in a 17% yield, based on the donor added. When 1 octanol and 1 dodecanol acceptors were incubated with lactose in the presence of sodium cholate, the transfer products octyl lactoside (2) and dodecyl lactoside (3) were similarly produced from the reaction mixtures and separated by successive chromatographies on Silicagel and ODS columns, respectively. The molar ratio of the donor and the acceptors in the synthesis of 2 and 3 were 1:20 and 1:30, respectively, and the total substrate concentration was about 17% (w v). As a result, 2 and 3 were obtained in 13 and 5% yields, based on the donor added, respectively. When LacNAc pNP instead of Lac pNP was incubated with ethanol, the N acetyllactosamine unit was transferred to ethanol by the enzyme. In the same manner, some monosaccharides were used to examine acceptor specificity on the enzyme mediated transglycosylation. With Glc, Man, and GlcNAc as acceptors, a single transfer product was observed in HPLC analysis. Gal and GalNAc did not serve as acceptors under the present condition. These findings show that the configuration of the OH 4 position in the glycosyl acceptors had a pronounced effect on the transglycosylation. Preparative scale syntheses were done utilizing Man and Glc as an acceptor with a LacNAc pNP donor. The molar ratio of the donor and the acceptors, Man and Glc, was 1:25 and 1:40, and the total substrate concentrations were about 20 and 45%, respectively. As a result, LacNAc 1 4Man and LacNAc 1 4Glc were obtained in 13 and 9% yields, based on the donor added, respectively. The scheme of transglycosylation of lactose and N acetyllactosamine units to various acceptors is shown in Fig. 3 .
Synthesis of lactosyl -glycoside through a condensation reaction of cellulase.
As mentioned above, we found that endo glycosidase, a cellulase from T. reesei that shows transglycosylation activity, transfers the entire lactose and N acetyllactosamine from donor substrates, Lac pNP and LacNAc pNP to hydroxyl groups of acceptor substrates. However, the use of Lac pNP and LacNAc pNP is not always suitable for practical synthesis because of the restricted availability of expensive substrates. If such a lactosyl glycoside formation could be mediated through condensation, it would be a very attractive method for the synthesis of lactosyl glycoside. The use of cheap lactose as a substrate has great potential for mass production of useful glycosides. There has been no report of condensation of a lactose unit through an enzymatic process.
When lactose as a glycon substrate was reacted with alkanols (n: 2 8) as aglycon substrates, the corresponding alkyl lactosides were produced by condensation reaction in the yields of 1 4% of based on lactose added ( Table 1 ). The yields tended to decrease with increase in the length of the alkyl chain of alkanols. The enzyme also catalyzed the condensation with 2 propanol and allyl alcohol. Few products were observed when 3 butanol and a long chain alkanol such as 1 decanol were used as acceptors. Further, condensation reaction between lactose and glycerol was effectively catalyzed. The molar ratio of lactose and glycerol was 1:25, and the total substrate concentration was 53% (w v). The reaction was analyzed by HPLC, and several peaks which were presumed to be condensation products were formed during the incubation (Fig. 4) . The presumed products were observed in an analytical yield of 25%, based on lactose added. Two products were purified by successive chromatographies on charcoal Celite and YMC Polyamine II columns. By structural analysis, they were identified as 2 O lactosyl glycerol (4) and 1 O lactosyl (R,S ) glycerols (5), respectively. The molar ratio of 4 and 5 isolated was about 3:7. The generation of the two products reached maximal level at 36 48 h with a total yield of about 20%, based on lactose added. In 13 C-NMR chemical shift data of 4 (Table 2) , four signals, at 62.9, 63.7, 63.9 and 64.2 ppm, indicated that neither of the primary hydroxyl groups of the glycerol residue was affected. A large downfield shift (9 ppm) in C 2 of the glycerol residue at 83.8 ppm, compared with that of free glycerol, also indicated that the linkage occurred at the secondary hydroxyl group of the glycerol residue. The results of these analyses revealed that this compound is 4. In 13 C-NMR data of the other compound, three signals due to a primary hydroxyl group appeared at 62.9, 63.9 and 65.2 ppm. No signal was observed in the region around 84 ppm, indicating that a linkage occurred at the primary hydroxyl group of glycerol. C 1 of the Glc residue collapsed to two signals, at 105.1 and 105.4 ppm, and C 1 of the glycerol residue also collapsed to two signals, at 73.5 and 73.6 ppm. These collapses of the signals indicated that C 2 of the glycerol residue became asymmetric with the formation of a glycosidic linkage between C 1 of glycerol and C 1 of Glc and those two diastereometric glycosides were formed. Based on these data, this compound was concluded to be 5. The scheme of enzymatic lactosylation through a condensation reaction is shown in Fig. 5 . When 1,3 propanediol instead of glycerol was used as an agly- , not determined. con substrate, the enzyme also catalyzed similar condensation to produce mono O lactosyl propanediol in a yield of 17%. 8) When LacNAc was used as a glycon substrate, the enzyme also catalyzed the condensation with various alkanols to obtain the corresponding alkyl N acetyllactosaminides. The condensation reactions decreased about a quarter in the yields, compared to those with lactose (Table 1b ). In the condensation reaction between LacNAc and glycerol, only one product was produced and identified to be 1 O N acetyllactosaminyl (R,S ) glycerol (6).
9)

Improvement in yield.
In the condensation reaction utilizing glycosidase, a large excess of glycosidase is required for increasing the productivity of the condensation product. However, the efficiency of the reaction is occasionally reduced by trace amounts of activities of other coexisting glycosidases. In our study, there was a need to eliminate such enzyme activities to prevent the degradation of lactose and condensation products. On a column of DEAE Sepharose Fast Flow, Lac pNP hydrolytic activities were divided into three fractions (F 1, F 2 and F 3) (Fig. 6 ). The F 2 was completely devoid of D galactosidase activity. 9) F 2 and F 3 were used for the enzyme synthesis without further purification. Fig. 7a shows a profile of the condensation reactions by HPLC analysis with lactose and glycerol utilizing F 2, F 3 and the crude enzyme preparation, respectively. With F 2, the total productivity of 4 and 5 was about 2.5 fold higher than that obtained from a reaction utilizing the crude enzyme containing D galactosidase. The formation of 4 and 5 reached a maximum at 40 h with an overall yield of 40% based on lactose added. Once the formation had reached its maximum, the amounts varied little during the subsequent reaction. 8) This was also the case for the condensation reaction between LacNAc and glycerol. The productivity of 6 was improved and about 2.3 fold higher than that obtained from a reaction using the crude enzyme (Fig. 7b) . 9) In contrast to F 2, F 3 did not show any condensation activity. These results suggest that the direct use of the crude enzyme preparation resulted in degradation of lactose or LacNAc and condensation products once formed by coexisting D galactosidase.
Purification of an enzyme possessing condensation activity. As mentioned above, the partially purified enzyme fraction F 2 showed both lactosyl and N acetyllactosaminyl condensing activities. Therefore, it was further purified on a Mono P column in order to determine whether both the condensation activities were catalyzed by the same enzyme molecule (Table 3 ). The purified enzyme not only hydrolyzed LacNAc pNP and Lac pNP with disaccha- , F 2 fraction; , F 3 fraction; , crude enzyme powder. ride units, but also showed LacNAc unit and lactose unit condensing activities. The molecular weight gave an apparent single protein band on SDS and IEF PAGE. The molecular weight and isoelectric point of the enzyme were estimated to be 55 k and 4.5, respectively.
9)
In order to confirm that the single enzyme works for both lactosyl and N acetyllactosaminy condensing reactions, substrate competition assays were done by measuring hydrolytic activity of LacNAc pNP toward Lac pNP, cellobiose pNP, and di N acetylchitobiose pNP utilizing the purified F 2 enzyme preparation. As shown in Fig. 8 , the hydrolysis of LacNAc pNP was reduced with the coexistance of increasing concentrations of Lac pNP. It was also the case for cellobiose pNP, however, the reaction was not influenced by di N acetyl chitobiose pNP. It shows that a single cellulolytic enzyme catalyzes both condensation reactions. 7) Some enzymatic properties of purified fractions using Lac pNP and LacNAc pNP as substrates were investigated. The optimum pH and temperature were pH 4.5 and 60 C. The enzyme was stable over a range of pH 3.5 5.5 at 4 C for 24 h and temperatures below 55 C. The enzyme also hydrolyzed CMC, but showed only slight activity toward Avicel. These properties are summarized in Table 4. Cellulases from T. reesei have been widely studied. 10 13) The most highly produced cellulase component from T. reesei has been reported to be cellobiohydrolase I (CBH I), accounting for about 60% of total secreted protein. Cellobiohydrolase II (CBH II), endo (1 4) glucanases, and glucosidases also accounted for about 20, 10 and 1%, respectively. 12,13) Such enzymes have been extensively purified 10) and most of them were cloned and expressed. The present enzyme shows similar properties (MW, specific activity etc.) with Endo II (Table 4) . 14) In addition to this information, Endo II from Trichoderma longibrachiatum showed both N acetyllactosaminyl and lactosyl condensing activities in a similar manner with the enzyme (data not shown). On the basis of these data, we concluded that the present enzyme is a kind of endo (1 4) glucanase.
In recent studies, transglycosylation activities of cellulases have been examined. In those studies, donor substrates such as cellobiose, lactosyl fluoride, cellulose and xyloglucan were used. 15 17) The results of the present study showed that the present enzyme preparation directly condensed lactose or N acetylactosamine units to -OH in various substrates. From a practical point of view, it is a useful tool for one pot synthesis of lactosyl and N acetyllactosaminyl glycosides as leading compounds of glycomaterials. This is the first report of condensation using inexpensive lactose as a substrate and the first report to show new characteristics of the well known cellulase. The enzyme (0.12 U mL) was incubated at 37 C for 30 min with 0.5 mM LacNAc pNP in the presence of various concentrations of substrates as inhibitors, which are Lac pNP ( ), cellobiose pNP ( ), and chitobiose pNP ( ). Released LacNAc was determined and relative values were plotted. 
